Introduction
Corn (Zea mays L.) is a major crop in the United States, and was planted on >38 million ha in 2013 (National Agricultural Statistics Service [NASS] 2014). Two major pests of corn are the western corn rootworm, Diabrotica virgifera virgifera LeConte, and the northern corn rootworm, Diabrotica barberi Smith & Lawrence (Coleoptera: Chrysomelidae) (Steffey et al. 1999) . Corn is the primary larval host for both species, although survival to adulthood is possible on other grasses (Branson and Ortman 1967, Clark and Hibbard 2004) . Larvae of western and northern corn rootworm feed on the roots of corn plants and larval feeding injury reduces yield and increases the susceptibility of corn plants to lodging, which increases the difficulty of harvesting the crop. Larval feeding on corn roots also reduces the plant's ability to acquire nutrients and may increase the risk of infection by plant pathogens (Levine and Oloumi-Sadeghi 1991, Levine et al. 2002 , Spencer et al. 2009 ).
Genetically modified corn that produces insecticidal toxins derived from the bacterium Bacillus thuringiensis (Bt) was initially commercialized for management of larval rootworm in 2003, and the first commercial Bt corn events produced the toxin Cry3Bb1 (events MON 863 and MON 88017; U.S. Environmental Protection Agency [EPA] 2010a) . Recently, events containing other Bt toxins have been commercialized, such as Cry34/35Ab1 (event DAS-59122-7) and modified Cry3A (event MIR604) in 2005 and 2007, respectively (EPA 2010b,c) . Bt corn kills larval corn rootworm and protects corn roots from feeding injury; however, the widespread planting of Bt corn places selective pressure on rootworm populations to evolve Bt resistance (Tabashnik et al. 2003 , Baum et al. 2004 ). Furthermore, western corn rootworm has been shown to evolve resistance to the Cry3Bb1 toxin in as few as three generations in the laboratory when no refuge was present (Meihls et al. 2008 , Oswald et al. 2011 ). More recently, resistance to Cry3Bb1 corn by western corn rootworm has been detected in some fields, and these fields typically had a history of !3 yr in which Cry3Bb1 corn was cultivated (Gassmann et al. 2011 (Gassmann et al. , 2014 .
To preserve the susceptibility of rootworm to Bt corn, the EPA has mandated planting of non-Bt corn along with Bt corn to act as a refuge for susceptible insects (Gould 1998; EPA 2010a EPA ,b, 2011 . Mating between resistant individuals from Bt crops and susceptible individuals from refuges will produce heterozygous progeny, and to the extent that heterozygous individuals have lower fitness on a Bt crop than their homozygous resistant parent, the evolution of resistance will be delayed , Gassmann et al. 2009 ). For corn production in the United States, data indicate a lack of compliance by growers in planting of non-Bt refuges, which heightens the risk of Bt resistance evolution (Jaffe 2009 ). To simplify planting of refuges and increase compliance, seed companies have developed a blended refuge (i.e., integrated refuge), which is a mixture of Bt and non-Bt seeds.
In some cases, refuges are used with Bt crops that produce a high dose of toxin, which is defined as 25 times the amount of Bt toxin needed to kill susceptible larvae (EPA 1998) . Under the high-dose/refuge scenario, it is expected that the Bt crop will produce enough toxin to kill all of the susceptible larvae and most, if not all, of the heterozygous resistant larvae. While Bt corn for rootworm management is effective at reducing feeding from rootworm larvae, it is not considered as a high dose (EPA 1998 , Glaser and Matten 2003 , Vaughn et al. 2005 , Meihls et al. 2008 , Gassmann et al. 2011 , Meihls et al. 2011 ). In the absence of a high-dose Bt event, a pyramid can be used to increase the mortality of insects that are heterozygous or homozygous for a Bt resistance trait (Roush 1998 , Ives et al. 2011 . Pyramids of two Bt toxins can delay the onset of resistance compared with single toxins used sequentially, when the mode of action of the toxins is independent and there is sufficiently high mortality of susceptible individuals (Tabashnik 1994 , Gould 1998 , Roush 1998 , Zhao et al. 2005 , Ives et al. 2011 . The EPA has approved the commercial planting of Bt corn pyramided with Cry3Bb1 and Cry34/35Ab1 in conjunction with a 5% refuge, either as a stand-alone block refuge or as a blended refuge (EPA 2011) .
In this field study, we tested the effects of four treatments on western and northern corn rootworm: non-Bt corn, Cry3Bb1 corn, corn pyramided with both Cry3Bb1 and Cry34/35Ab1, and pyramided corn with a 5% blended non-Bt refuge. We measured pest survival, adult size, and patterns of adult emergence. Data from this study are relevant to the application of Bt corn in pest management and the use of pyramids and blended refuges for insect resistance management.
Materials and Methods
Field Plots. This study was replicated four times, with two replications conducted in 2009 and again in 2010, and all replications were on research farms operated by Iowa State University. In 2009, the field locations were the Johnson Research Farm and the Armstrong Research and Demonstration Farm, and these were planted on 7 and 8 May, respectively. In 2010, research locations were the Johnson Research Farm and the Field Extension and Education Laboratory (FEEL), and both were planted on 4 May. At the Johnson Research Farm, a different field was used in 2009 compared with 2010. All replications of the study had been planted to corn during the previous season and contained naturally occurring populations of western and northern corn rootworm. Planting history was obtained for all fields from 2003 until the year before the study was conducted. A starting point of 2003 was selected because this was the year Bt corn was commercialized for management of corn rootworm (EPA 2010a) .
While the Armstrong Research and Demonstration Farm and FEEL were characterized by a history of continuous corn cultivation, fields at the Johnson Research Farm used a rootworm trap crop (Mayo 1986) . A trap crop for rootworm consists of late-planted corn (planted $4 wk after commercial producers stop planting) with a mixture of maturities that acts to prolong the period during which corn silk and pollen are present within the trap crop. Adult rootworm feed primarily on pollen and silk of corn, and a trap crop creates an environment that is attractive to rootworm adults, in particular gravid females, because corn in a trap crop produces silk and pollen after corn plants in the surrounding landscape have matured past this phenological stage. The adult female rootworm that disperse into the trap crop then oviposit eggs in the soil, and this enables studies of corn rootworm larvae the next season. Thus, the rootworm population in a trap crop represents a sample of rootworm from the surrounding landscape. At the Johnson Research Farm, each study site was rotated out of corn production (i.e., to soybeans) 2 yr before a replication of this study was conducted, which killed all larvae present in the field because soybean is not a host for larval rootworm. The season before each replication of the study was conducted; the site was planted to a trap crop, which attracted rootworm adults from other fields into the study location. Thus, the cropping history for the two fields at the Johnson Research Farm does not provide information about the history of selection for Bt resistance. In contrast, because of the continuous corn cultivation that took place in fields studied at FEEL and the Armstrong Research and Demonstration Farm, the field history for these replications does indicate the history of selection for Bt resistance.
Each replication of the study was 37 by 43 m, and consisted of 16 plots in a 4 Â 4 grid. Each plot was 4.6 by 3.4 m, and plots were separated on all sides by 3 m of fallow ground. In total, four treatments were present for each replication of the study: non-Bt corn, Cry3Bb1 corn (event MON 88017), corn pyramided with Cry3Bb1 and Cry34/35Ab1 (event MON 88017 and DAS-59122-7; referred to hereafter as pyramided corn), and a mixture of 95% pyramided corn and 5% non-Bt corn (referred to hereafter as pyramided corn with a blended refuge). All hybrids were precommercial hybrids provided by Monsanto Co. (St. Louis, MO) and were of the same genetic background. In 2009, the number of plots for each treatment at the Johnson Research Farm was: two plots of non-Bt corn, four plots of Cry3Bb1 corn, four plots of pyramided corn with a blended refuge, and six plots of pyramided corn. At the Armstrong Research and Demonstration Farm in 2009, there were: two plots of non-Bt corn, four plots of Cry3Bb1 corn, three plots of pyramided corn with a blended refuge, and seven plots of pyramided corn. There was an extra plot of pyramided corn at the Armstrong Research and Demonstration Farm due to a planting error at the beginning of the season that was not realized until the corn had grown for several weeks. In 2009, more plots of pyramided corn were planted than the other treatments to increase sample size for measurements of adults emerging from pyramided corn. However, in 2010, adults from the non-Bt plots were needed as part of an F1 screen that was conducted with adults collected from all treatments in this study (Keweshan 2012) . As a result, a balanced design was applied in 2010, with the number of non-Bt plots increased, and the number of plots with pyramided corn decreased, such that both locations contained four plots of all treatments.
Each plot was randomly assigned to one of the four treatments and machine-planted with four rows that were 4.6 m in length. Seeds were spaced every 15 cm within a row, and rows were spaced 74 cm apart. For pyramided corn with a blended refuge, refuge seeds were planted by hand 5 cm from the center of the row, and marked with a stake. Two refuge seeds were planted per row (eight total seeds per plot). After $3 wk, the plots were thinned to 72 plants per plot. The treatment of pyramided corn with a blended refuge contained 4 non-Bt plants and 68 pyramided corn plants, for a total of 72 plants per plot and a 5.6% blended refuge. In 2010, Johnson Research Farm had <72 plants per plot owing to poor survival of corn plants through the seedling stage and plots contained the following number of plants: non-Bt corn ¼ 60 6 12 (mean 6 SD), Cry3Bb1 corn ¼ 53 6 13, pyramided corn with a blended refuge ¼ 71 6 2 (4 refuge plants and 67 6 2 pyramided corn plants), and pyramided corn ¼ 71 6 1.
Each replication of the study was bordered with non-Bt corn and this corn was sampled to monitor the development of larval corn rootworm in each field. A cylinder of soil (volume ¼ $1 liter) was sampled directly over the base of an excised corn plant using a golf cup cutter (model 1001-4, Par Aide Product Company, Lino Lakes, MN). The corn roots and accompanying soil were placed on a Berlese funnel to extract larvae. Head capsule width was measured with a dissecting microscope (Leica MZ6, Wetzlar, Germany) and the instar was determined according to methods described by Hammack et al. (2003) . When >50% of larvae were in the third and final instar, tents were placed on top of each plot, and corn plants were trimmed to a height of $45 cm, with all but the top two remaining leaves removed. For all tents, the sides were buried to prevent adult rootworm from escaping. Several non-Bt plants (in excess of the 72 plants per plot) were left outside of tents in the non-Bt treatments to measure larval injury within each replication of the study. Between 5 and 12 non-Bt plants were excavated and roots scored for feeding injury from larval corn rootworm using the scale of Oleson et al. (2005) .
All adult western and northern corn rootworm that emerged within tests were collected at regular intervals. In 2009, adults were collected from the Johnson Research Farm every 2.5 6 0.7 d (mean 6 SD) and from the Armstrong Research and Demonstration Farm every 5.7 6 2.1 d. In 2010, adult beetles were collected from the Johnson Research Farm every 2.4 6 0.8 d and from FEEL every 2.5 6 0.9 d. Adults were collected using either a mouth aspirator (model 1135A, BioQuip Products Inc., Rancho Dominguez, CA) for small numbers of adults or a battery-powered aspirator (model 2820B, BioQuip Products Inc.) for larger numbers of adults. After samples were collected, insects were brought back to the laboratory, counted, and their sex determined according to the methods described by Hammack and French (2007) . Insects were stored in 85% ethanol by treatment for each replication of the study. Head capsule width across the widest part of the head (i.e., from eye to eye) was measured using a microscope (Leica MZ6, Leica Microsystems, Wetzlar, Germany) with imaging software (Motic Images Plus 2.0, Motic, Richmond, BC, Canada). In total, 50 beetles per treatment by replication were sampled at random and measured, unless fewer adults were available.
Data Analysis. Data were analyzed in SAS Enterprise Guide 5.1 (SAS Institute 2012, Cary, NC). Day of adult emergence, survival to adulthood and size were analyzed with a mixed-model analysis of variance (ANOVA) using the MIXED procedure. Day of adult emergence within tents was determined by the day on which an adult beetle was collected and was coded as Julian day (1 January ¼ day 1 and 31 December ¼ day 365). Data on survival and day of emergence were analyzed with a mixed-model ANOVA that contained the fixed factors of sex, treatment (non-Bt, Cry3Bb1 corn, pyramided corn with a blended refuge, and pyramided corn) and their interaction. Random factors were replication (Johnson Research Farm in 2009 , Armstrong Research and Demonstration Farm in 2009 , Johnson Research Farm in 2010 , and FEEL in 2010 , all interactions of replication with fixed factors, tent nested within replication by treatment, and the interaction of sex by tent nested within replication by treatment.
To correct for difference in stand count at Johnson Research Farm during 2010, data on survival to adulthood were adjusted to the expected number of insects per tent if 72 plants had been present. This was done by dividing the number of insects collected from a tent by the number of plants present and then multiplying by 72. The total number of beetles collected from each tent was transformed using the function ln(n þ 1) to ensure normality of the residuals. Data on adult head capsule width were analyzed with a mixed-model ANOVA that contained the fixed factors were sex, treatment and their interaction, and the random factor of replication.
In each ANOVA, random effects were tested using a log-likelihood ratio statistic (À2 RES log likelihood), which is tested against a chi-square distribution based on a one-tailed test with one degree of freedom (Littell et al. 1996) . Random factors that were not significant at P > 0.25 were pooled to increase statistical power (Quinn and Keough 2002) . However, lower order terms were always retained if their higher-level interactions were present in the model. The PDIFF option in LSMEANS was used to conduct pairwise comparisons, with a Bonferroni correction applied to adjust the significance level based on the number of comparisons.
The proportion surviving to adulthood for western and northern rootworm was calculated in the pure stands of pyramided corn and Cry3Bb1 corn. This was done by first calculating the average number of adult beetles per plant for non-Bt corn within each replication of the study. Then, within each replication, the average number of adult beetles per plant for each tent with Cry3Bb1 corn and pyramided corn was divided by the average number of adult beetles per plant from non-Bt corn. These calculations were carried out separately for northern corn rootworm and western corn rootworm. Data were then analyzed with a one-way ANOVA (PROC ANOVA) with pairwise comparisons made among treatments based on a Tukey's studentized range test. In addition, survival on pyramided corn and Cry3Bb1 corn was compared between the Johnson Research Farm in 2009 versus 2010 with a t-test to test whether the source populations for the trap crop differed in susceptibility to Bt corn (Sokal and Rohlf 1995) .
In the treatment of pyramided corn with a blended refuge, the expected number of adult western and northern corn rootworm was calculated according to the methods outlined by Petzold-Maxwell et al. (2013a) . For both species within each replication, we calculated the expected number of adults per tent in the blended refuge treatment by multiplying the number of pyramided corn plants in the blended refuge treatment by the average number of insects that emerged per plant for the treatment with pyramided corn. We added this quantity to the product produced by multiplying the number of refuge plants in the blended refuge treatment times the average number of insects that emerged per plant in the treatment with non-Bt corn. For both northern and western corn rootworm, the expected versus actual number of adults per tent was tested using a paired t-test (Sokal and Rohlf 1995).
Results
The total number of adult western corn rootworm emerging per plot differed significantly among treatments, and was highest on non-Bt corn, followed by Cry3Bb1 corn, then pyramided corn with a blended refuge, and was lowest on pyramided corn (Table 1 ; Fig. 1A ). Emergence of adult northern corn rootworm was also statistically different among the treatments, and was highest on non-Bt corn, while adult emergence was lower and not statistically different among Cry3Bb1 corn, pyramided corn, and pyramided corn with a blended refuge (Table 1; Fig. 1B) .
For both species, the day of adult emergence was significantly affected by hybrid (Table 2 ). For western corn rootworm, adults from non-Bt corn emerged sooner than insects from Cry3Bb1 corn and pyramided corn, while emergence from pyramided corn with a blended refuge was intermediate and not statistically different from the other three treatments (Table 2 ; Fig. 2A ). Northern corn rootworm adults also emerged significantly earlier on non-Bt corn compared with pyramided corn, while emergence time from Cry3Bb1 corn and pyramided corn with a blended refuge was intermediate and not significantly different from each other or any other treatment (Table 2 ; Fig. 2B ).
For both western and northern corn rootworm, adult size, as measured by head capsule width, was affected by an interaction between hybrid and sex (Table 3) . Male western corn rootworms from non-Bt corn were significantly larger than males from all other treatments (Table 4 ). In contrast, females from non-Bt corn were only significantly larger than females from pyramided corn (Table 4) . For northern corn rootworm adults, males from pyramided corn were significantly smaller than males from non-Bt corn, while there were no differences among treatments for females (Table 4) .
The average level of root injury to non-Bt corn among replications ranged from 0.33 to 1.58 (Table 5) . Three of the four replications had not been planted to Bt corn since the time the field was last planted to soybean; however, FEEL had been planted to Cry3Bb1 Asterisks indicate statistical significance *P < 0.05; **P < 0.01; ***P < 0.001. WCR, western corn rootworm; NCR, northern corn rootworm.
corn for 7 y before the time the study was conducted. Proportional survival for western corn rootworm on Cry3Bb1 corn compared with non-Bt corn ranged from 0.022 to 0.36, and differed significantly among replications (F ¼ 5.97; df ¼ 3,12; P < 0.01), with proportion survival at FEEL significantly greater than the other locations (Table 5) . Proportion survival on pyramided corn compared with non-Bt corn ranged from 0.0011 to 0.0076, and did not differ significantly among replications (F ¼ 1.29; df ¼ 3,17; P ¼ 0.31; Table 5 ). Analysis of data with a t-test found that survival on CryBb1 corn was significantly greater at the Johnson Research Farm in 2010 compared with 2009 (t ¼ 3.68; df ¼ 6; P ¼ 0.01); however, no difference was found for survival on pyramided corn (t ¼ 0.17; df ¼ 8;
For northern corn rootworm, proportion survival on Cry3Bb1 corn compared with non-Bt corn ranged from 0.059 to 0.25 and differed significantly among replications (F ¼ 4.91; df ¼ 3,12; P ¼ 0.02). Although survival for northern corn rootworm at FEEL was significantly greater than the Armstrong Research and Means and SEs were calculated from raw data. Different letters denote significant differences between treatments within a species, and the presence of an asterisk indicates a difference between the sexes within a treatment. The number of adult insects emerging in the pyramided treatment with a blended refuge was significantly lower than expected, based on emergence from pure stands non-Bt corn and pyramided corn. This was the case for both western corn rootworm (t ¼ 7.84; df ¼ 14; P < 0.0001) and northern corn rootworm (t ¼ 5.09; df ¼ 14; P < 0.0001). For western corn rootworm, the expected adult emergence per plot (N ¼ 72 plants) of pyramided corn with a blended refuge (70.6 6 5.23) was 3.0 times greater than the observed emergence (23.3 6 3.95). For northern corn rootworm, the expected adult emergence per plot of pyramided corn with a blended refuge (10.9 6 1.87) was 2.4 times greater than the observed emergence (4.6 6 0.97).
Discussion
Past studies have found that both Cry3Bb1 corn and corn pyramided with Cry3Bb1 and Cry34/35Ab1 reduced feeding injury from western corn rootworm and survival of this pest to adulthood, with stronger effects observed for pyramided corn than for Cry3Bb1 corn (Prasifka et al. 2013 , Head et al. 2014b . Consistent with these studies, we found that emergence of adult western and northern corn rootworm was significantly lower on Cry3Bb1 corn and pyramided corn than on non-Bt corn, and for western corn rootworm, significantly fewer adults were collected from pyramided corn than Cry3Bb1 corn (Fig. 1) . In addition, in some but not all cases, adult insects tended to emerge earlier and attain larger size on non-Bt corn than in the other treatments ( Fig. 2 ; Tables 4 and 6). For both northern and western corn rootworm, the number of adults collected from the blended refuge was lower than expected, based on the number of adults that emerged from pure stands of non-Bt corn and pyramided corn (see Results), which has been observed in some, but not all cases, in previous work (Head et al. 2014a) . Although significant differences were present among replications, Cry3Bb1 corn reduced survival to between 2 and 36% for western corn rootworm and between 1 and 25% for northern corn rootworm, and on pyramided corn, survival was reduced to between 0.1 and 0.8% for western corn rootworm and to between 0 and 1.7% for northern corn rootworm (Tables 5 and 6 ).
The reductions in survival to adulthood observed here for both Cry3Bb1 corn and pyramided corn are consistent with past studies. For example, adult emergence on Cry3Bb1 corn, for populations not known to be Cry3Bb1 resistant, was found to range from 0 to 40% of that observed on non-Bt corn (Gassmann 2012 , Petzold-Maxwell et al. 2013b ). Previous work on corn pyramided with Cry3Bb1 and Cry34/35Ab1 reported survival to adulthood of $1% (Head et al. 2014b) . While effects of density-dependent mortality can confound calculations of mortality from Bt corn, such effects appear to be minimal for this study because most replications had less than one node of root injury to non-Bt corn, and Hibbard et al. (2010) found that density-dependent mortality was absent when less than one node of root injury occurred.
For adult rootworm that emerged from Bt corn, past work has found evidence for sublethal effects on fitness, including reduced size (Binning et al. 2010 , Murphy et al. 2010 . In this study, female western corn rootworm adults from pyramided corn were significantly smaller than those from non-Bt corn, and male western corn rootworm from any of the Bt treatments were significantly smaller than those from non-Bt corn (Tables 4 and 6 ). In addition, male northern corn rootworms from pyramided corn were smaller than males from non-Bt corn. Further research is needed to understand how effects on size may influence mating between refuge insects and those insects emerging from Bt crops, as well as individual fitness, and the subsequent effects that such sublethal effects may have on the rate of resistance evolution. a Uppercase letters denote significant pairwise differences among males within a species and lower case letters denote differences among females within a species.
WCR, western corn rootworm; NCR, northern corn rootworm. Asterisks indicate statistical significance *P < 0.05; **P < 0.01; ***P < 0.001. WCR, western corn rootworm; NCR, northern corn rootworm.
Exposure of larval western and northern corn rootworm to Bt corn often leads to developmental delays (Storer et al. 2006 , Binning et al. 2010 , PetzoldMaxwell et al. 2013a . Our data show that there were significant delays in mean emergence time when insects developed on hybrids producing Bt toxins ( Fig. 2 and Tables 2 and 6). Western corn rootworm emerged significantly later from pure stands of Cry3Bb1 corn and pyramided corn compared with non-Bt corn, and northern corn rootworm emerged from pure stands of the pyramided corn later than non-Bt corn. These delays in adult emergence could facilitate the evolution c Number of adult insects per plant for each plot from Cry3Bb1 corn divided by average number of insects per plant from non-Bt corn (mean 6 SE). Letters indicate significant differences among replications within a species.
d Number of adult insects per plant for each plot from pyramided corn divided by average number of insects per plant from non-Bt corn (mean 6 SE). Letters indicate significant differences among replications within a species for northern corn rootworm; no significant differences were detected for western corn rootworm. of resistance by reducing the extent to which Bt-selected insects mate with insects from the refuge (Liu et al. 1999) . However, planting of a blended refuge may mitigate effects of asynchronous emergence between Bt-selected insects and refuge insects because of the closer spatial proximity of Bt and non-Bt plants compared with a block refuge (Carroll et al. 2012 ). The number of adult western and northern corn rootworm that emerged from pyramided corn with a blended refuge was significantly less than expected based solely on emergence from pure stands of pyramided corn and non-Bt corn (see Results). For corn pyramided with Cry34/35Ab1 and Cry3Bb1, past research has found that non-Bt plants bordered by pyramided plants produce fewer adults (Zukoff et al. 2012 ) and similar results were also reported for Cry3Bb1 corn (Murphy et al. 2010) . Such an effect probably contributed to the reduced emergence from the blended refuge observed here. In a study across multiple locations, Head et al. (2014a) found that emergence from pyramided corn with a blended refuge was lower than expected in some cases (N ¼ 6 observations) and greater than expected in other cases (N ¼ 4 observations). To the extent that a blended refuge decreases emergence of adults from non-Bt plants, it will decrease the effective refuge size. This reduction in the size of the effective refuge should increase the rate of resistance evolution compared with a scenario with larger effective refuges. However, effects on the rate of resistance evolution caused by decreased effective refuge size for a blended refuge versus a block refuge are likely to trade-off against the closer spatial proximity of refuge plants to Bt plants in a blend versus a block refuge. Specifically, while the decreased effective refuge size will act to accelerate resistance evolution, the closer spatial proximity of refuge plants to Bt plants in the blended refuge should increase mating between refuge insects and Bt-selected insects, thereby delaying resistance evolution. Additional studies will be needed to understand how these factors interact to affect the rate of resistance evolution for corn rootworm in a block versus a blended refuge.
Among the replications of the study, survival on Cry3Bb1 corn for western corn rootworm was significantly greater from FEEL in 2010 than in any of the other study locations (Table 5) . FEEL had a history of Cry3Bb1 cultivation, and the elevated survival indicates the presence of Cry3Bb1 resistance for western corn rootworm. This result is consistent with other work documenting the evolution of Cry3Bb1 resistance after multiple years of Cry3Bb1 cultivation (Gassmann et al. 2011 (Gassmann et al. , 2014 . In contrast, survival on pyramided corn was not significantly different among locations for western corn rootworm (Table 5) . Head et al. (2014b) observed survival on pyramided corn (Cry3Bb1 and Cry34/35Ab1) for western corn rootworm that was similar to the results reported here, and this included fields with a history of cultivation of Cry3Bb1 corn. However, Gassmann et al. (2012) found higher levels of survival on pyramided corn, relative to non-Bt corn, than was observed in this study, an effect that was likely, in part, because of density-dependent mortality of larval western corn rootworm on non-Bt corn (Hibbard et al. 2010 ). In addition, survival on Cry3Bb1 corn at the Johnson Research Farm was found to increase significantly between 2009 and 2010, when tested with a t-test (Results and Table 5 ). Substantial variation in survival on Cry3Bb1 corn has been observed in other studies (Petzold-Maxwell et al. 2013b ) and the result observed here may be because of random variation in survival from year to year. Alternatively, this increase in survival may be associated with the evolution of resistance to Cry3Bb1 corn.
Our data indicate that Cry3Bb1 corn and corn pyramided with Cry3Bb1 and Cry34/35Ab1 led to decreased survival of corn rootworm, in addition to delaying emergence of adults and reducing the size of adults. The planting of pyramided corn with a blended refuge imposed levels of pest suppression that were similar to pure stands of pyramided corn and Cry3Bb1 corn, and will likely mitigate the potential for assortative mating because of the limited dispersal of these pests. However, recent cases of resistance by western corn rootworm to Bt corn point to the need to couple the resistance-management approaches of blended refuges and pyramids with sound integrated pest management such as the use of crop rotation.
